only formalin-fi xed paraffi n-embedded specimens are available. As an alternative, surrogate markers that can be analyzed on formalin-fi xed paraffi n-embedded specimens could be used, in addition to HPV DNA PCR, to detect HPV infection more reliably. For example, the genetic profi les of HNSCCs with transcriptionally active HPV differ from those of HNSCC without HPV and could be used to confi rm HPV infection in a tumor ( 6 ) . Absence of mutations in the TP53 gene could also be used as a surrogate marker for HPV infection: Because the HPV E6 oncoprotein inactivates p53, mutations in the TP53 gene are usually not observed in HPV-infected tumors, but are found in 50% of HNSCCs without HPV ( 6 , 7 ) . Overexpression of CDKN2A , the gene that encodes p16 Ink4 , has also been used as a surrogate marker for HPV infection. In particular, p16
Ink4 immunostaining followed by HPV DNA PCR on the p16
Ink4 -positive cases has been shown to be a highly sensitive and specifi c assay system to assess the presence of transcriptionally active HPV in tumors, including formalin-fi xed paraffi nembedded specimens ( 8 ) .
Fanconi anemia is a recessively inherited disease that is characterized by congenital abnormalities, aplastic anemia, and a predisposition for the development of cancer. The disease is caused by defects in the Fanconi anemia -BRCA pathway, a response network involved in DNA damage repair ( 1 ) . Cells from Fanconi anemia patients are hypersensitive to DNA cross-linking agents, such as cisplatin and mitomycin C, and display chromosome instability ( 2 , 3 ). The major lifethreatening symptoms of Fanconi anemia -aplastic anemia and the development of acute myeloid leukemiacan be managed by treatments that include bone marrow transplantation. However, Fanconi anemia patients also have a 500-to 1000-fold increased risk of developing squamous cell carcinoma (SCC) ( 4 ), particularly squamous cell carcinoma of the mucosal linings of the head and neck region (HNSCC), which is now rapidly becoming a major cause of mortality in these patients. Bone marrow transplantation and graft vs host disease further increase the risk of developing SCC in Fanconi anemia patients ( 5 ).
The reason for the extremely high frequency of SCC in Fanconi anemia patients is unclear. In the general population, the most common risk factors for the development of SCC, particularly HNSCC, are tobacco smoking and alcohol consumption. However, in recent years, it has become clear that infection with high-risk human papillomaviruses (HPVs), which are known to cause cervical cancer, is also associated with a proportion of HNSCCs. For example, in the Netherlands, HPV is involved in approximately 10% of sporadic SCCs in the oral cavity and oropharynx ( 6 ) . HPV involvement is usually assessed by a polymerase chain reaction (PCR) assay to detect the viral DNA in the tumor. However, because this method can lead to false-positive results, measurement of the actual transcriptional activity of the viral oncogenes by reverse transcription -polymerase chain reaction (RT-PCR) is currently considered the most reliable test for HPV involvement in HNSCC. However, RT-PCR can only be used to amplify RNA of frozen specimens, whereas in many studies, Kutler et al. ( 9 ) reported that 21 (84%) of 25 SCCs from US Fanconi anemia patients had detectable levels of HPV DNA. However, in a pilot study, we failed to detect HPV DNA in four Fanconi anemia SCC cell lines or the corresponding primary tumors from which they were derived ( 10 , 11 ) . Here, we examined the clinical and molecular characteristics of SCCs from a larger cohort of mostly European Fanconi anemia patients.
Via a network of mostly European head and neck surgeons and Fanconi anemia patient support groups, we obtained clinical information and resected specimens of 21 SCCs from 19 Fanconi anemia patients. Tumors were staged according to International Union Against Cancer guidelines ( 12 ) . This study was approved by the Institutional Review Board of the Vrije Universiteit Medical Center and carried out according to Dutch guidelines for the analysis of human samples. Relevant clinical data are listed in Supplementary Table 1  (available online) . Of the 21 specimens that we received, 19 were formalin fi xed and paraffi n embedded and 2 were frozen. In one case, we received only a few sections of formalin-fi xed paraffi n-embedded tumor tissue. In all cases except the latter, 5-µm thick sections were stained with hematoxylineosin and evaluated by an experienced pathologist (E. Bloemena) for histological examination and to delineate areas of neoplastic and normal tissue for microdissection, as previously described ( 13 ). Before we cut sections of each specimen, we cleaned the microtome and changed the knife to avoid cross contamination between samples. DNA was isolated from microdissected normal and tumor tissue using proteinase K treatment, phenol -chloroform extraction, and ethanol precipitation and used for genetic analysis and HPV DNA detection. The allelic loss profi les were determined using 23 microsatellite markers at chromosomes 3p, 8p, 9p, 13q, 17q, and 18q, as previously described ( 10 ) . Immunostaining for p53 and TP53 mutation analysis was performed as previously described ( 14 , 15 ) . For TP53 mutation analysis, we analyzed exons 5 -9 because the large majority of mutations occur there. For p16 immunohistochemistry, we used a CINtec p16
Ink 4a histology kit (DakoCytomation BV, Heverlee, Belgium). Both positive and negative control specimens were included in every immunostaining run. Immunostaining was evaluated by the study pathologist (E. Bloemena). Immunostaining in more than 50% of the tumor cells was considered positive ( 8 ) . HPV DNA detection was performed by using a GP5+/6+ PCR enzyme immunoassay that included an oligoprobe cocktail for 14 high-risk HPV types (HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and 68), as previously described ( 16 ) . Samples were considered HPV DNA positive in the GP5+/6+ PCR enzyme assay when the optical density value was at least three times the value of the blanks without DNA template measured in triplicate. PCR amplifi cation of the ␤ -globin ( HBB ) gene was carried out in a separate assay to control for the integrity of the template DNA.
Negative controls (solvent instead of DNA) and positive controls (serial dilution of DNA isolated from SiHa, a cervical carcinoma cell line that contains 1 -2 copies of HPV16 DNA) were run in parallel in each assay. GP5+/6+ PCR enzyme immunoassaypositive cases were subsequently typed for HPV by reverse line blot genotyping and subjected to viral load analysis, as previously described ( 16 ) .
Our panel of tumors consisted of 16 HNSCCs, 2 esophageal SCCs, and 3 anogenital SCCs. Of the 19 Fanconi anemia patients in this study, 10 had received a bone marrow transplant; these patients were approximately 6 years younger at SCC diagnosis than those who had not received a bone marrow transplant (median age at SCC diagnosis, bone marrow transplant vs no bone marrow transplant: 24.9 vs 30.7 years, log-rank P = .009; Supplementary Figure 1 , available online ). All 21 SCCs were tested for the presence of HPV DNA by GP5+/6+ PCR, and only two -both anogenital SCCs -were positive; one HPV DNA -positive tumor had HPV16 (237 copies per cell) and the other had HPV33 (22 copies per cell). In parallel, we subjected 18 SCCs with suffi cient material for analysis to p16 and p53 immunostaining and TP53 mutation analysis. Of the 18 SCCs tested, fi ve were positive for p16 immunostaining, including the two that were HPV DNA positive, and eight were positive for p53 immunostaining. The two HPV DNA -positive SCCs were negative for p53 immunostaining. TP53 mutations were detected in 10 of 18 SCCs. As expected, both of the HPV DNA -positive SCCs had wild-type TP53 ( Table 1 and Supplementary Table 2 , available online ).
As an additional surrogate marker for HPV infection and to compare the genetic profi les of SCCs in Fanconi anemia patients with those of sporadic tumors in the general population, we further analyzed allelic loss profi les using microsatellite markers located at chromosome arms that frequently display allelic losses in HPV DNA -negative sporadic HNSCCs (ie, chromosome arms 3p, 8p, 9p, 13q, 17q, and 18q) ( 15 , 17 ) . We were also able to assess allelic loss patterns for three SCCs from patients who had received a bone marrow transplant (Fa3, Fa8, and Fa17). SCCs from the other seven patients who
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Prior knowledge
Fanconi anemia is a rare recessively inherited disease that is characterized by congenital abnormalities, bone marrow failure, and a predisposition to develop cancer, particularly squamous cell carcinomas (SCCs) in the head and neck (HNSCCs) and anogenital regions. In previous studies of mostly US Fanconi anemia patients, high-risk human papillomavirus (HPV) DNA was detected in the majority of the SCCs analyzed. 
Study design
Implications
The role of HPV infection in squamous cell carcinogenesis may differ among cohorts of Fanconi anemia patients.
Limitations
The number of tumor samples analyzed was small.
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Downloaded from https://academic.oup.com/jnci/article-abstract/100/22/1649/2519194 by guest on 06 February 2019 had undergone bone marrow transplantation could not be analyzed due to the presence of donor-derived tumor-infi ltrating lymphocytes that caused mixed allelic loss patterns ( Supplementary Figure 2 , available online ). All of the HPV DNA -negative SCCs except one (Fa18) showed many allelic losses (more than 50% of the informative markers; Figure 1 ), which is a pattern that is typical for HPV DNA -negative sporadic SCC. By contrast, the two HPV DNA -positive tumors -Fa5 and Fa13 -showed fewer allelic losses (fewer than 20% of the informative markers in each), which is characteristic of sporadic HPVinfected tumors in the general population ( 6 , 7 ). The HPV DNA -negative SCC Fa18 also showed relatively few allelic losses, which might suggest that the HPV DNA PCR result for this sample was a false negative. However, the negative HPV DNA status of SCC Fa18 was confi rmed by its lack of p16 immunostaining ( Supplementary Table 2 , available online ). Such genetically normal tumors also occur in sporadic SCC ( 18 ) . Hence, all immunostaining and genetic data support our conclusion that the large majority of SCCs in this panel of Fanconi anemia patients were not induced by HPV. Several lines of evidence suggest that donor stem cells in patients who received bone marrow or stem cell transplants as part of the treatment for leukemia or other clinical indications might differentiate and become part of the squamous tissues of the transplanted patient ( 19 ) . There has also been an indication that such donor cells could develop into skin cancer in transplanted patients ( 20 ) . We therefore used DNA fi ngerprinting to examine whether SCCs that had developed in the Fanconi anemia patients who had undergone bone marrow transplantation were derived from the donor's or the patient's cells. Each of the seven tumors that could be analyzed (Fa3, Fa8, Fa10, Fa16, Fa17, Fa19, and Fa21) was clearly derived from patient's cells (an example of this analysis is shown in Supplementary  Table 2 , available online ).
The most prominent fi nding in this study is that HPV DNA was detected in only two (10%) of 21 Fanconi anemia SCCs. This fi nding was based on HPV DNA detection and supported by assessment of surrogate markers of HPV infection, such as p16 immunostaining, p53 immunostaining, TP53 mutation analysis, and allelic loss profi ling of the tumors ( 6 , 7 ) . This observation is in distinct contrast to a previous report, in which 21 (84%) of 25 Fanconi anemia SSCs were positive for HPV DNA ( 9 ) . Further comparison of the data from this study and the previous report ( 9 ) revealed similar proportions of HPV DNA -positive anogenital SCCs (two of three anogenital SCCs in this study were HPV DNA positive vs six of seven in the previous study) ( 9 ). However, there was a clear and statistically signifi cant difference between these studies in the proportion of HPV DNApositive HNSCCs: 0 (0%) of 16 in our series vs 15 (83%) of 18 in the previous series ( P < .001) ( 9 ) . How can we explain this striking difference? Similar methods for HPV DNA detection were used in the two studies. It is noteworthy that some of the laser-dissected specimens in the previous report had a relatively low viral load (range = 0.16 -249.3 copies per cell) ( 9 ) , suggesting that in at least some cases, the HPV infections might not have been clinically relevant. Results of a previous study in microdissected HNSCCs suggested that viral loads of at least 0.5 -1 HPV genome per cell should be expected to represent a biologically relevant infection of transcriptionally active HPV ( 8 ) . However, it is unlikely that the difference in HPV prevalence between our series and the previous series can be explained completely by a few cases with low viral load in the earlier study ( 9 ) . The high HPV prevalence in the earlier report was supported by the absence of TP53 mutations in the Fanconi anemia SCCs (9 ) . It is therefore likely that the difference between the two studies may also be explained, at least in part, by geographic differences in the prevalence of HPV infection ( 21 ) . For example, in a case --control study in Baltimore, D'Souza et al. ( 22 ) reported that 72% of a cohort of sporadic oropharyngeal tumors were HPV infected; by contrast, only 16% of oropharyngeal SCCs from patients in the Amsterdam region were HPV infected, a puzzling observation ( 6 ) . The previously reported series ( 9 ) included tumors that were mainly from US Fanconi anemia patients, whereas most of the SCCs in our series (89%) were from European Fanconi anemia patients.
Our observation that HPV does not seem to play a role in head and neck SCCs in Fanconi anemia patients, at least in Europe, might have important clinical consequences. Vaccination against some HPV subtypes has been shown to prevent HPVassociated anogenital diseases ( 23 ) . Our data indicate that HPV vaccination of Fanconi anemia patients might prevent only a proportion of anogenital SCCs, and no HNSCCs, at least among European patients. Frequent surveillance of the mucosal linings, particularly in the head and neck region, therefore remains indicated for Fanconi anemia patients in all countries. Dutch pediatric oncology guidelines recommend that all Fanconi anemia patients undergo inspection of the head and neck region every 3 months beginning at 10 years of age, as well as a yearly anogenital inspection for female patients beginning at the age of menarche. Screening and monitoring of precancerous lesions remain the most important approach to detect SCCs at the earliest possible stage regardless of HPV vaccination , particularly because the treatment options for SCCs in Fanconi anemia pa tients are limited.
The patterns of allelic loss we found suggest that the chromosomes involved in Fanconi anemia SCCs are similar to those involved in sporadic SCCs. Although the etiology of Fanconi anemia HNSCCs (a DNA repair defi ciency causing genetic alterations) differs from that of most sporadic SCCs (tobacco smoking and alcohol consumption), the same cancer genes and chromosomal locations seem to be targeted in both types of SCCs. Our fi nding that SCCs of Fanconi anemia patients and SCCs in the general patient population have identical patterns of allelic loss might be exploited for the early diagnosis of cancer and precancerous lesions in Fanconi anemia patients. Analysis of the allelic loss pattern of biopsy specimens facilitates accurate diagnosis and assessment of the risk of malignant transformation of visible oral lesions in the general population, and the same approach could be followed for Fanconi anemia patients to improve the clinical management of such lesions ( 24 ) . Unfortunately, most preneoplastic changes in the oral mucosa are not visible by eye, which limits early detection of mucosal regions that are at increased risk of malignant transformation. Noninvasive genetic screening to detect these mucosal regions might therefore be of value to improve the early detection of cancer and precancerous lesions in Fanconi anemia patients ( 25 ) .
A limitation of this work is our small sample size of 21 tumors from only 19 patients. A larger cohort of samples might substantiate the data. However, Fanconi anemia is a relatively rare disease, and it takes a major effort to collect samples and clinical information for these patients. In future studies, it will be important to exchange samples between studies to formally and defi nitively rule out that minor differences in methodologies might infl uence the fi ndings.
